The central venous-arterial carbon dioxide tension gradient ('CO 2 gap') has been shown to correlate with cardiac output and tissue perfusion in septic shock. Compared to central venous oxygen saturation (S CV O 2 ), the CO 2 gap is less susceptible to the effect of hyperoxia and may be particularly useful as an adjunctive haemodynamic target in the perioperative period. This study investigated whether a high CO 2 gap was associated with an increased systemic oxygen extraction (O 2 ER >0.3) or occult tissue hypoperfusion in 201 patients in the immediate postoperative period. The median CO 2 gap of all patients was 8 mmHg (IQR 6 to 9), and a large CO 2 gap was very common (>6 mmHg in 139 patients [69%], 95% CI 63 to 75; >5 mmHg in 170 patients [85%], 95% CI 79 to 89). A CO 2 gap <5 mmHg had a higher sensitivity (93%) and negative predictive value (74%) than a CO 2 gap <6 mmHg in excluding occult tissue hypoperfusion. Of the four variables that were predictive of an increased O 2 ER in the multivariate analysis-CO 2 gap, arterial pH, haemoglobin and arterial lactate concentrations-the CO 2 gap (odds ratio 4.41 per mmHg increment, 95% CI 1.7 to 11.2, P=0.002) was most important and explained about 34% of the variability in the risk of occult tissue hypoperfusion. In conclusion, a normal CO 2 gap (<5 mmHg) had a high sensitivity and negative predictive value in excluding inadequate systemic oxygen delivery and may be useful as an adjunct to other haemodynamic targets in avoiding occult tissue hypoperfusion in the perioperative setting when high inspired oxygen concentrations are used.
Occult tissue hypoperfusion resulting from inadequate systemic oxygen delivery after major surgery is common and may result in organ dysfunction and mortality 1 . Various perioperative goal-directed therapies aimed at avoiding inadequate systemic oxygen delivery have indeed been shown to reduce organ failure and hospital length-of-stay [2] [3] [4] [5] . Theoretically, occult tissue hypoperfusion can easily be detected by measuring the mixed or central venous oxygen saturation (S CV O 2 ). A reduction in S CV O 2 implies that there is an increase in systemic oxygen extraction and the presence of an inadequate systemic oxygen delivery. However, recent studies showed that S CV O 2 can be increased significantly by increasing the arterial oxygen tension (PaO 2 ) without improving systemic oxygen delivery [6] [7] [8] , and this may confound the accuracy of using S CV O 2 as a haemodynamic target particularly in the perioperative period 9 .
An alternative possible marker of adequate tissue perfusion is the difference between the partial pressure of carbon dioxide in simultaneously measured mixed or central venous and arterial blood gas samples (the 'CO 2 gap'). Applying the Fick equation to carbon dioxide, any change in cardiac output should be accompanied by an inverse hyperbolic change in the arterio-venous carbon dioxide content difference if carbon dioxide production remains constant 10, 11 , and this CO 2 gap would not be affected by the effect of mechanical ventilation or minute ventilation 10 .
Recent evidence based primarily on studies in septic shock has suggested that an elevated CO 2 gap may be useful as a marker of inadequate systemic perfusion [12] [13] [14] [15] [16] . However, whether the CO 2 gap is useful in predicting occult tissue hypoperfusion in patients after major surgery has not been thoroughly investigated and remains uncertain. In this study, we assessed the prevalence of a high CO 2 gap and whether the CO 2 gap is a useful predictor of occult tissue hypoperfusion, over and beyond the standard haemodynamic parameters, in patients after major surgery. We also assessed whether the sensitivity and specificity of a CO 2 gap >5 mmHg and >6 mmHg were different in predicting occult tissue hypoperfusion.
Methods
This study was a secondary analysis of a prospective study examining the prevalence and predictors of a low S CV O 2 in patients requiring ICU admission after major surgery 6 . Arterial and central venous (internal jugular or subclavian vein) blood gas samples were obtained simultaneously from 201 patients who had major surgery within the preceding 24 hours. In addition to pH, oxygen and carbon dioxide tension, oxygen saturation and arterial lactate concentrations, the central venous and mean arterial pressure, heart rate, hourly urine output, serum haemoglobin (Hb), vasoactive infusions, perfusion index (PI), plethysmographic variability index (PVI) (Radical-7, Masimo Corporation, Irvine, CA, USA), as well as cardiac index in patients with a pulmonary artery catheter were also obtained.
Haemodynamic calculations
Haemodynamic variables were calculated in this study as follows:
Arterial Inadequate systemic oxygen delivery or occult tissue hypoperfusion was defined by an O 2 ER >0.3 in this study, because a S CV O 2 <70% is widely considered as signifying inadequate systemic oxygen delivery resulting in increased tissue oxygen extraction 1,2,6 . CO 2 gap: central venous CO 2 tension -arterial CO 2 tension. Under normal physiological conditions, the CO 2 gap ranges between 2 and 5 mmHg 11 . In this study, the sensitivity and specificity of a CO 2 gap >5 mmHg and >6 mmHg in predicting inadequate systemic oxygen delivery were compared.
Statistical analysis
Chi-square and Mann-Whitney U tests were first used to assess the associations between different categorical or continuous variables and a large CO 2 gap, respectively. Multivariate logistic regression was then used to assess whether an elevated CO 2 gap was a useful predictor of elevated O 2 ER after adjusting for other haemodynamic and biochemical variables. The haemodynamic and biochemical variables entered into the multivariate logistic regression model were based on their clinical plausibility in relationship to inadequate systemic oxygen delivery, and multicollinearity was excluded prior to entering the continuous variables into the model. A parsimony model was then developed by removing variables in a step-wise fashion if their associated P-value was >0.05.
Finally, we also assessed whether only a certain threshold of CO 2 gap was important in determining O 2 ER by a scatter plot with Pearson correlation coefficient (r), and also a multivariate analysis allowing non-linearity between the CO 2 gap and a high O 2 ER using a 3-knot restricted cubic spline function. The relative importance of each predictor in explaining an elevated O 2 ER in the final model was assessed using the chi-square statistic minus the degrees of freedom 17, 18 . Area under the receiver operating characteristic (ROC) curve was used to assess the ability of the CO 2 gap, as a continuous variable, in differentiating between patients with and without an elevated O 2 ER. The sensitivity and specificity of different cut-points in CO 2 gap in predicting an elevated oxygen debt or O 2 ER was then assessed. In this study, a P-value <0.05 was considered as significant. All statistical tests were two-tailed and performed using SPSS for Windows (version 22.0, 2014; IBM, Chicago, IL, USA) or S-PLUS (version 8.0, 2007; Insightful Corp., Seattle, WA, USA).
Results
Of the 201 patients included in the study, a high CO 2 gap was very common after major surgery (median CO 2 gap 8 mmHg; >6 mmHg in 139 patients [69%], 95% CI 63 to 75; >5 mmHg in 170 patients [85%], 95% CI 79 to 89). As a continuous variable, CO 2 gap had a reasonable ability to differentiate between patients with and without an elevated O 2 ER (area under the ROC curve=0.66, 95% CI 0.59 .0 (P=0.538) and 0.232, respectively, and the area under the receiver operating characteristic curve for prediction of an elevated oxygen extraction ratio was 0.72 (95% CI 0.64 to 0.79). The Hosmer-Lemeshow chi-square and Nagelkerke R 2 of the parsimony model were 13.4 (P=0.098) and 0.197, respectively, and the area under the receiver operating characteristic curve for prediction of an elevated oxygen extraction ratio was 0.74 (95% CI 0.67 to 0.81).
to 0.74, P=0.001). The shape of the ROC curve suggested that a CO 2 gap between 4.7 and 6.4 mmHg would be the best cut-point in achieving an optimal balance between sensitivity and specificity. Using a CO 2 gap >5 mmHg as a cut-point was associated with a higher sensitivity (93%) and negative predictive value (74%) in excluding occult tissue hypoperfusion than a CO 2 gap >6 mmHg (Table 1) . Despite a slightly higher arterial oxygen saturation, patients with a high CO 2 gap (>5 mmHg) had a significantly lower central venous oxygen tension and S CV O 2, and a higher prevalence of occult tissue hypoperfusion than patients with a normal CO 2 gap (59% versus 26% respectively, P=0.001), suggesting that the relationship between CO 2 gap and a high O 2 ER was not affected by a higher arterial oxygen saturation or tension. A high CO 2 gap was, however, not associated with other commonly measured haemodynamic and biochemical variables, including central venous pressure and arterial lactate concentrations ( Table 2) .
The initial logistic regression model included seven variables, four of which remained predictive of occult tissue hypoperfusion, including haemoglobin and lactate concentrations, arterial pH, and an elevated CO 2 gap (odds ratio [OR] 4.41 per mmHg increment, 95% CI 1.7 to 11.2, P=0.002) ( Table 3 ). An elevated CO 2 gap was indeed the most important predictor and explained about 34% of the variability in the risk of occult tissue hypoperfusion ( Figure  1 ). We observed a relatively linear relationship between the CO 2 gap and O 2 ER in the scatter plot (r=0.41, 95% CI 0.29 to 0.52, P=0.001) (Figure 2 ), and this relationship remained similar after adjusting for other significant variables in the final multivariate model (Figure 3 ).
Discussion
This study showed that a high CO 2 gap was common in patients after major surgery and it had a relatively linear association with systemic oxygen extraction after adjusting for other variables that were traditionally considered as predictive of systemic oxygen delivery. A normal CO 2 gap (<5 mmHg) had a reasonably high sensitivity and negative predictive value in excluding occult tissue hypoperfusion and this relationship was not affected by the arterial oxygen saturation. These findings are clinically relevant and require further consideration.
Although many different haemodynamic and biochemical variables have been trialled as markers of tissue hypoperfusion, the accuracy of these markers is also known to be limited by the clinical context of the patients. For example, S CV O 2 can be affected by a high arterial oxygen tension [6] [7] [8] 19 or impaired tissue oxygen extraction 20 , and PVI can be affected by the use of noradrenaline 21 . Hence, interpreting multiple haemodynamic endpoints simultaneously represents the best strategy to avoid the pitfalls of each haemodynamic target and to ensure adequate tissue perfusion 22 . Several recent studies in patients with septic shock have confirmed that CO 2 gap may identify patients who remain inadequately resuscitated despite achieving the standard haemodynamic targets 12, 14, 15, 23 . Futier et al performed a post hoc analysis of an intraoperative goaldirected therapy study and reported that CO 2 gap may also be useful as an adjunct in ensuring adequate resuscitation in the perioperative setting, especially when S CV O 2 is high (>70%) possibly due to a high arterial oxygen tension or reduced tissue oxygen utilisation 16 . Other studies have also confirmed that reducing a CO 2 gap is associated with an improvement in tissue perfusion and systemic oxygen consumption 15, 23, 24 , whereas a persistently elevated CO 2 gap is associated with worse clinical outcomes 23, 16 . Our results extended these findings to a larger cohort of predominantly elective surgical patients, supporting the emerging role of CO 2 gap as an adjunct haemodynamic target in the perioperative setting when high inspired oxygen concentrations are often used. Our results showed that the best CO 2 gap cut-point was 5 mmHg due to its high sensitivity and negative predictive value in excluding inadequate systemic oxygen delivery. These results are consistent with the results of the smaller study by Futier et al, in which they also found that a CO 2 gap cutpoint at 5 mmHg had the best sensitivity (96%) in predicting postoperative complications in patients with a normal S CV O 2 16 . Figure The inverse hyperbolic relationship between CO 2 gap and bloodflow predicted by the Fick equation suggests that CO 2 gap is particularly suited to detect a state of low systemic bloodflow. This was confirmed by Teboul et al in ten ICU patients with severe congestive heart failure (mean cardiac index: 1.6 l/min/m 2 ), where an inverse correlation between CO 2 gap and cardiac index was observed with incremental doses of dobutamine 25 . A reduction in cardiac output and microvascular flow results in venous hypercarbia (and by extension an elevated CO 2 gap) by increasing the amount of time any given volume of blood is exposed to tissue carbon dioxide and therefore, allowing greater time for carbon dioxide diffusion (the 'stagnation phenomenon') 26, 27 . Given that an inadequate cardiac output state due to hypovolaemia and poor myocardial function are the most common causes for occult tissue hypoperfusion in the perioperative setting, use of the CO 2 gap as an adjunctive haemodynamic target (in addition to arterial pH, lactate and haemoglobin concentrations) ( Table 3) should be considered if a central venous catheter is available in patients undergoing major surgery. Furthermore, the ability of the CO 2 gap in predicting a low cardiac output state did not appear to be affected by the presence of hyperoxia 28 , making the CO 2 gap particularly suited as a haemodynamic target during the perioperative period when high inspired oxygen concentrations are often used.
Several limitations of this study must be acknowledged. First, this observational study aimed to assess the predictive value of CO 2 gap in relation to inadequate systemic oxygen delivery at a single timepoint postoperatively. Our patients were predominantly elective cardiothoracic patients with a relatively low acuity of illness and mortality. Hence, whether optimising CO 2 gap can improve important patient-centred outcomes, especially in sicker emergency surgical patients, remains uncertain. Furthermore, it is likely that not every clinical intervention that can improve a CO 2 gap will have the same benefits to our patients in the perioperative setting (e.g. liberal versus restricted allogeneic blood transfusion or crystalloid versus colloid resuscitation). More research on how different interventions may improve the CO 2 gap and its effects on subsequent patient-centred outcomes is definitely needed before the CO 2 gap can be incorporated as a standard haemodynamic target in the perioperative setting. Second, we only determined the relationship between the CO 2 gap and inadequate systemic oxygen delivery within the first 24 hours after major surgery. Because both oxygen delivery and consumption invariably change with time after surgery, whether the CO 2 gap remains as the most important predictor of inadequate systemic oxygen delivery after the first 24 hours after surgery, remains unproven, but this merits further investigation. 
Conclusion
In conclusion, a high CO 2 gap was common in patients after major surgery. The CO 2 gap had a relatively linear association with systemic oxygen extraction both with and without adjusting for other important haemodynamic and biochemical parameters. The utility of the CO 2 gap as a haemodynamic target appeared to rely on its high sensitivity and negative predictive value in excluding inadequate systemic oxygen delivery when the CO 2 gap was normal. A normal CO 2 gap (<5 mmHg) may be useful as an adjunctive haemodynamic parameter to exclude occult tissue hypoperfusion in patients undergoing major surgery, when the interpretation of S CV O 2 may be confounded by using high inspired oxygen concentrations.
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